Cholesterol ester-rich (CER) VLDL accumulate rapidly in the plasma of rabbits fed cholesterol-enriched diets. However, the major loci of enhanced synthesis of subfractions of CER-VLDL, their interaction with macrophages, and their relative contribution to atherogenesis have not yet been elucidated. To determine whether anabolism is hepatic or intestinal, subfractions of CER-VLDL were characterized at selected intervals from day 0 to 60 of cholesterol feeding. Rate zonal ultracentrifugation of CER-VLDL from rabbits fed cholesterol for 4 and 60 d demonstrated an early increase of the proportion of cholesterol carried in the intestinally-derived fraction (designated as Fx-I) of VLDL compared with that in hepatically-derived particles (Fx-H). Quantification by size exclusion HPLC also demonstrated that Fx-I was a prominent CER-VLDL component at day 4, while Fx-H particles became increasingly prominent with further cholesterol feeding. At both 4 and 60 d Fx-I stimulated cholesterol esterification and intracellular cholesterol content in macrophages more than the corresponding Fx-H did. In fact, Fx-H harvested at 4 d produced no cholesterol ester deposition. In contrast, Fx-H harvested at 60 d markedly stimulated cholesterol esterification and intracellular cholesterol content. Thus, both compositional and metabolic characteristics of CER-VLDL changed as a function of the duration cholesterol feeding. Introduction Rabbits respond to cholesterol-enriched diets by rapidly manifesting hypercholesterolemia. The concentrations and cholesterol content of VLDL increase while those of LDL and HDL decrease progressively as a function of duration of feeding of cholesterol-enriched laboratory diets (1). Diet-induced increases of concentrations of cholesterol in plasma in rabbits are attributable primarily to lipoproteins that float at d < 1.006 g/ml. In contrast to triglyceride-rich VLDL isolated from normal animals, which migrates in the pre-,B position electrophoretically, VLDL from the plasma of cholesterol-fed rabbits is enriched in cholesterol esters and migrates in the p3-position (2-5). Analogous perturbations in a variety of species lead to the appearance of VLDL that is enriched in cholesterol esters. These include rats (6), dogs (7) monkeys (8). Modification to VLDL of a more limited magnitude have also been observed in human subjects (9, 10).
monkeys (8) . Modification to VLDL of a more limited magnitude have also been observed in human subjects (9, 10) .
Two major fractions of cholesterol ester-rich (CER)' VLDL have been isolated from the plasma ofdogs fed high-fat, high-cholesterol diets (1 1). Structural heterogeneity of CER-VLDL also occurs in cholesterol-fed rabbits and has been attributed to the extent of hypercholesterolemia (5) . However, determination of the specific sites of origin of subfractions of CER-VLDL and definition of the major cholesterol-ester-carrying component in plasma remains controversial. Ross and Zilversmit (12) suggested that increased concentrations of cholesterol esters of VLDL in plasma with diet-induced hypercholesterolemia in rabbits reflected primarily increased concentrations of chylomicron remnants, although the later experiments of Zilversmit and Thompson (13) did not come to such an unequivocal conclusion. Kroon et al. (14) concluded that CER-VLDL harvested from cholesterol-fed rabbits was primarily of hepatic origin as indicated by the predominance ofthe larger form ofapo B (apo B-100). The similarity between CER-VLDL secreted from isolated perfused livers from cholesterol-fed rabbits compared with that present in plasma may also be indicative of a hepatic origin of CER-VLDL (15) .
To clarify the potential contributions of specific lipoprotein fractions to the rapidly developing atherosclerosis typical of cholesterol-fed rabbits, CER-VLDL was characterized in plasma at selected intervals after initiation of feeding with a cholesterol-enriched laboratory diet. The cholesterol content of subfractions of CER-VLDL were quantified by HPLC and rate zonal centrifugation. To relate these changes in the distribution of subfractions ofCER-VLDL to atherogenic potential, their ability to stimulate cholesterol esterification, and to cholesterol accumulation was assessed in cultured macrophages. The results obtained indicate that concentrations in plasma of intestinally and hepatically derived particles change at disparate rates and as a function of the duration of cholesterol feeding. In addition, hepatically derived VLDL did not stimulate cholesterol esterification in macrophages at early intervals on cholesterol-enriched diet, but did become an effective stimulant with increased duration of feeding. In contrast, regardless of the interval of cholesterol feeding after which subfractions of CER-VLDL were isolated, the fraction derived from intestine was a particularly potent stimulant of cholesterol esterification in cultured macrophages and hence is likely to be a particularly atherogenic lipoprotein fraction.
enriched in cholesterol (2% wt/vol; Ralston-Purina Co., St. Louis, MO). Water was available ad lib. During the 60 d of feeding with the cholesterol-enriched laboratory diet, all animals appeared healthy and gained weight at a rate similar to rabbits fed a conventional diet.
Isolation oflipoprotein fractions
Fixed angle ultracentrifugation. Access to food was interrupted at 1600 hours on the day before blood sampling. Blood (4.0 ml) was obtained on the following day between 0800 and 0900 hours through syringes containing 1.5 mg/ml EDTA. Plasma was harvested and VLDL was separated by ultracentrifugation for 16 h at 45,000 rpm at 10'C in a Beckman L8-55 ultracentrifuge (Beckman Instruments, Inc., Palo Alto, CA) using a 50. Rate zonal ultracentrifugation. Blood was obtained via aortic cannulae from anesthetized, nonfasted rabbits and was put into tubes containing 1.5 mg/ml EDTA. The following antibacterial and antiproteolytic agents were added to the plasma: sodium azide (0.04% wt/vol), 0.5 mg/ml gentamicin sulfate, 0.5 mg/ml chloramphenicol, 1.0 mM benzamidine, 0.3 mM PMSF, and 0.05 mM 2,6,di-tertbutylp-cresol. Plasma was subjected to a single fixed angle ultracentrifugation at d = 1.006 g/ml. The floating fractions were subjected to rate zonal ultracentrifugation under conditions optimized for the separation of subfractions of CER-VLDL. A discontinuous gradient of sodium bromide (d = 1.00-1.07 g/ml) was formed with a Beckman gradient pump with the use of the template as shown in Fig. 1 . The gradient was formed in a Beckman Ti 14 zonal rotor at 2,000 rpm in a Beckman L8-55 ultracentrifuge. Samples were applied at d = 1.07 g/ml to the edge ofthe rotor followed by a cushion of 20 ml of d = 1.07 g/ml sodium bromide solution. Ultracentrifugation was performed at 42,000 rpm for 30 min at 20°C. At the end ofthe interval, the rotor was slowed to 2,000 rpm and the contents of the rotor were removed by displacement. Fractions (10 ml) of displaced fluid were collected with an Isco Retrieve II fraction collector (Isco, Inc., Lincoln, NE). Absorbance of fractions at A280 was determined with a Beckman DU-50 spectrophotometer 0.5 ml aliquots of fractions were removed for determination of total cholesterol content with commercially available enzymatic kits (Wako Chemical Co., Dallas, TX), with corrections where applicable for the effect of sodium bromide on the assay sensitivity. Densities of fractions were determined with a Mettler densitometer (Mettler Instrument Co., Paar, Austria).
Selected fractions were pooled and initially concentrated to -12 ml with a Minitan tangential flow filtration unit equipped with PTHK filters of molecular weight cutoff 100 kD (Millipore Corp., Bedford, MA). Fractions were concentrated further to -2 ml with a RCFConFilt centrifugal concentrator (Bio-Molecular Dynamics, Beaverton, OR Before cholesterol feeding, VLDL exhibited typical pre-f@ electrophoretic mobility as described by others (25) . However, as early as 4 d after the onset of cholesterol feeding VLDL migrated more slowly (Fig. 4) . By day 12 all of the VLDL migrated in the # position.
Changes in subfractions ofCER-VLDL with cholesterolfeeding
Characterization offractions obtained by rate zonal ultracentrifugation. VLDL obtained from cholesterol-fed rabbits was subjected to rate zonal ultracentrifugation (Fig. 5) (Fig. 6) . Fraction 4 consisted of smaller and more homogeneous particles with a mean diameter of 38±1 nm (n = 200). The apolipoprotein contents offractions 2 and 4 are shown in Fig. 7 . Apo B-48 was the predominant form in fraction 2 at both intervals of feeding although a band ofthe same apparent molecular weight as apo B-100 was present at day 4. In contrast, fraction 4 from both durations of feeding contained predominantly the larger form of apo B. With increased duration of cholesterol feeding, all fractions became relatively enriched in apo E (increasing from 61 to 84% in fraction 2, and from 43 to 64% in fraction 4 at days 4 and 60, respectively). Apo Cs were depleted with increased duration of cholesterol feeding. Plasma clearance of 1251-labeled fraction 2 harvested from a rabbit fed the cholesterol-enriched diet for 4 d was rapid with only 13% of the initial concentration of radioactivity remaining in plasma 60 min after injection. In contrast, 64% of the initial plasma radioactivity of 125I-labeled fraction 4 was present after 60 min (Fig. 8) .
Fraction 2 was considered to be of intestinal origin on the basis of the large mean diameter of particles, the presence of apo B-48, the prompt decrease during fasting (21) , and the rapid clearance from plasma. Accordingly fraction 2 was designated Fx-I. Conversely, fraction 4 was designated Fx-H due to its apparent hepatic origin.
For rabbits fed a cholesterol-enriched diet for 4 d Fx-I contained 39% of the total content of cholesterol in VLDL. In contrast, Fx-I harvested from the rabbit fed cholesterol for 60 d contained only 9% of VLDL-cholesterol.
Characterization offractions resolved by size exclusion HPLC. Cholesterol content of the two major CER-VLDL subfractions was determined at intervals of cholesterol feeding after their resolution by a 5000PW column. To prove that the particles of intestinal and hepatic origin could be resolved by a 500OPW column, subfractions of CER-VLDL separated by rate zonal ultracentrifugation were applied to a column. Fx-I eluted at 26 min and Fx-H eluted at 33 min (Fig. 9 A) , which indicates that the chromatographic system could differentiate particles of hepatic from those of intestinal origin. Recovery of cholesterol was 71±2% for Fx-I and 96±1% for Fx-H (n = 4 in both cases). Corroboration that the 5000PW column differentiated fractions of intestinal origin from those of hepatic origin was provided by results of a previous study that demonstrated a rapid decrease in Fx-I compared with Fx-H in cholesterol-fed rabbits that were returned to normal laboratory diets (21) .
To determine whether fusion of particles or exchange of constituents of Fx-I and Fx-H occurred during chromatography, which had a potential for the distortion of apparent subfractions, apolipoprotein and cholesterol distributions were determined for Fx-I alone and Fx-I incubated with Fx-H. graphed alone or in the presence of Fx-H (Fig. 9 B) (Fig. 9 C) , which indicated the lack of appreciable redistribution of apolipoproteins when isolated Fx-I was mixed with Fx-H. After the chromatographic system had been validated, VLDL obtained from rabbits subjected to cholesterol feeding for selected intervals was characterized by chromatography (Fig. 10) concentrations of Fx-I-cholesterol did not change as a function of diet duration, whereas Fx-H-cholesterol increased.
Metabolism ofsubfractions ofCER-VLDL by macrophages
Subfractions of CER-VLDL used for these studies were isolated by rate zonal ultracentrifugation from rabbits fed cholesterol-enriched diet for either 4 ( Fig. 11 A) or 60 d (Fig. 11 B) . When results were expressed based on the VLDL-protein concentrations of the culture medium, Fx-I obtained after both durations of cholesterol feeding were more potent than corresponding Fx (Fig. 12 A) . Cholesterol mass increased during incubations with both subfractions of CER-VLDL harvested from rabbits fed cholesterol for 60 d (Fig. 12 B) . Degradation of the radioiodinated protein moiety of lipoproteins occurred in a concentration-dependent manner for all fractions (Fig. 13) . 125I-labeled Fx-I from rabbits fed cholesterol for either 4 (A) or 60 d (B) was catabolized avidly by macrophages. In contrast, Fx-H from rabbits fed cholesterol for 60 d was degraded more than Fx-H from rabbits fed cholesterol for only 4 d.
Discussion
Results of the present study demonstrate that CER-VLDL in plasma from rabbits subjected to diet-induced hypercholesterolemia exhibit a heterogeneity of structure and metabolism that reflects the duration of cholesterol feeding. 1 1) and were confirmed by analysis of particle size, apolipoprotein content, and the kinetics of clearance from plasma.
A major identifying criterion in human subjects of lipoproteins synthesized in the intestine is the presence ofapo B-48 (26) . The assignment of loci of synthesis according to this criterion is confounded in some species such as the rat, because both large and small forms of apo B are secreted by hepatic tissue (27) . However, Kroon et al. (12) Size exclusion HPLC does not resolve subfractions of VLDL as definitively as rate zonal ultracentrifugation, nor does it permit separation of large masses. However, it does differentiate between major subfractions ofCER-VLDL in the small volumes of plasma such as that collected sequentially in blood samples from small animals. Also, the use of a post-column enzymatic assay system permitted the rapid and easy characterization of cholesterol content of the separated subfractions. Consequently, size exclusion HPLC was found to be particularly useful for the analytical characterization of relative cholesterol content of subfractions of CER-VLDL as a function ofduration ofcholesterol feeding. Caution is required in quantitative estimates because cholesterol recoveries of Fx-I were lower than those of Fx-H. However, differences in the amounts of cholesterol among VLDL subfractions at later intervals of feeding were so large that variations of recoveries from the column were not confounding.
The reason for the disparate clearances of subfractions of CER-VLDL may be due to Fx-I being cleared through hepatic apo E receptors, while Fx-H may be cleared via LDL (apo B/E) receptors (29, 30 ). Since it is generally considered that apo E receptors are unaffected by plasma cholesterol, while LDL receptors are readily down-regulated (31), these differences in clearance may explain the mechanism of the accumulation of Fx-H in plasma. However, further work is required to clarify the pathways through which plasma clearance occurs for the individual subfractions.
Results of the present study demonstrate that the two major subfractions of CER-VLDL differ in their effects on cholesterol esterification in rabbit alveolar macrophages. Furthermore, the metabolic effects of Fx-H change as a function of the duration of cholesterol feeding. Fx-I harvested from rabbits fed cholesterol for only 4 d markedly augmented cholesteryl [3H]oleate deposition. Fx-H collected at the same time exhibits only a weak activity. This difference between Fx-I and Fx-H occurs even though Fx-H fractions are highly enriched in cholesterol esters. The potent stimulant activity occurs even though CER-VLDL at this interval of cholesterol feeding does not migrate as a ,B-lipoprotein on agarose gels. Thus, modification of electrical charge to retard migration to the ,B position was not a prerequisite for interaction of particles with macrophage receptors for CER-VLDL.
Fx-I fractions isolated from rabbits fed a cholesterolenriched diet for 4 or 60 d were approximately equipotent in stimulating cholesterol ester deposition. However, Fx-H manifested increased activity with prolonged cholesterol feeding which could not be accounted for by time-related changes in the cholesterol contents of the particles. It is likely that apo E was responsible for the recognition of CER-VLDL by macrophages (32, 33) . However, the receptor that recognizes subfractions of CER-VLDL has not been definitively delineated although it has recently been demonstrated that unfractionated canine CER-VLDL is recognized by mouse peritoneal macrophages by an LDL receptor with aberrant characteristics compared with the classical receptor defined by Goldstein and Brown (34) .
The atherogenic potential of subfractions of CER-VLDL harvested from dogs fed high-fat, high-cholesterol diets has also been evaluated with the use of cells in culture (1 1). Incubation of CER-VLDL subfractions harvested from hyperlipidemic dogs with mouse peritoneal macrophages has demonstrated that a fraction equivalent to Fx-I stimulated [3H]oleate incorporation into cholesterol esters more than the fraction equivalent to Fx-H (1 1). In cholesterol-fed dogs, Fx-I carries a substantial fraction of cholesterol (-50%) contained in CER-VLDL. A discrepancy between the Fx-H harvested from rabbits in the present study and the equivalent fraction isolated from dogs by Fainaru et al. (1 1), is the ability of rabbit Fx-H to interact with macrophages. However, only Fx-H harvested from rabbits fed the modified diet for a prolonged duration was metabolized by macrophages and this may represent particles produced by the extreme response of rabbits to cholesterol-containing diets compared with the lower responsiveness of dogs.
Results ofthe present study indicate that Fx-H carries most of the cholesterol in VLDL soon after initiation of cholesterol feeding, and that the concentration of this fraction increases with the duration of cholesterol feeding. Accordingly, in cholesterol-fed rabbits Fx-H is strongly associated with the extent of atherosclerosis. However, Fx-I, although only a minor con-stituent of the cholesterol-carrying VLDL particles in cholesterol-fed rabbits, may contribute to the initiation and propagation ofthe atherogenic process in view ofits potent stimulation of cholesterol deposition in macrophages in vitro.
